mmol) and then N,N-diisopropylethylamine (3.7 µL, 0.021 mmol). The solution was stirred at rt overnight in the dark, and then the solvent was removed on a rotary evaporator. The residue was dissolved in water, purified by reversed phase HPLC using a gradient of 0% to 35% acetonitrile in water over 30 min, with the product eluting at ~20-25 min, and lyophilized to a fine powder (1.1 mg, 47%). FT-ICR-MS:
Found: 1116.3349. (2500 x g, 3 min, 4 °C), washed three times with labeling buffer, and then diluted to a volume of 400 µL for flow cytometry analysis. The average fluorescence intensity was calculated from each of three replicate experiments to obtain a representative value in arbitrary units.
Immunoblot analysis of ZF4 cells incubated with Ac 4 GalNAz and Ac 4 GalNAc.
ZF4 cells were incubated for 3 d in media containing 100 µM Ac 4 GalNAz or Ac 4 GalNAc. The cells were lifted with a 1 mM EDTA solution in PBS lacking calcium and magnesium, pelleted, and resuspended in ~200 µL of ice-cold lysis buffer (150 mM NaCl, 20 mM Tris, 1% Nonidet P 40 Substitute, pH 7.4, one tablet of complete mini protease inhibitor cocktail with EDTA per 10 mL of lysis buffer). The cells were disrupted by sonication on ice with 30-s, ~9-Watt pulses three times, and then insoluble debris was removed by centrifugation (16,000 x g, 10 min, 4 °C). The protein concentration of each sample was measured using the detergent-compatible (DC) protein assay kit. Twenty micrograms of protein was reacted with 10 µM DIFO-Flag overnight (~12 h) at rt. The samples were then analyzed by standard immunoblotting techniques, probing the blot with a 1:1000 dilution of HRPconjugated anti-Flag M2. To control for equal protein loading, the blot was stained with Ponceau S.
Glycoproteomic analysis of Ac 4 GalNAz-labeled species in ZF4 cells.
The glycoproteomic analysis of the species labeled with azides upon metabolic incorporation of GalNAz into ZF4 cell glycoproteins was carried out essentially as previously described(16). Briefly, one hundred 15-cm tissue culture plates of ZF4 cells were incubated for 3 d in media containing 100 µM Ac 4 GalNAz. After the third day, the cells were rinsed three times with 25 mL of PBS and then lifted by addition of 2.5 mL of a 1 mM solution of EDTA in PBS without calcium and magnesium for approximately 15 min at 28 °C. The cells were combined into one 15-mL conical tube, pelleted by centrifugation (2000 x g, 10 min, 4 °C), and the supernatant was discarded. The cell pellet was resuspended in ~10 mL of ice-cold lysis buffer (150 mM NaCl, 20 mM Tris, 1% Nonidet P 40 Substitute, pH 7.4, one tablet of complete mini protease inhibitor cocktail with EDTA per 10 mL of lysis buffer) and disrupted by sonication on ice with 30-s, ~9-Watt pulses three times. The insoluble debris was removed by centrifugation (3500 x g, 30 min, 4 °C), and phosphine-Flag-His 6 was added as a solid directly to the supernatant at a final concentration of 500 µM. The Staudinger ligation was run at rt for 24 h under an argon atmosphere, and the unreacted phosphine-Flag-His 6 was removed by two sequential Bio-Rad P-10 sizeexclusion columns. The combined flow-through fractions were concentrated using an Amicon Ultra centrifugal filter device to approximately 10 mL and then incubated with anti-Flag M2 agarose beads for 12 h at 4 °C. The beads were washed with 10 column volumes of the following solutions: 50 mM Tris (pH 7.4), 300 mM NaCl, 1% triton X-100; 50 mM Tris (pH 7.4), 1.3 M NaCl, 1% triton X-100; 50 mM Tris (pH 7.4), 300 mM NaCl, 1% triton X-100, 1 M urea. The bound species were eluted with one column volume of 8 M urea (pH 8.0), 0.1 M Na 2 HPO 4 , 10 mM Tris. The eluate was then incubated with Ni-NTA agarose beads for 12 h at 4 °C, washed with 10 column volumes of each of the following solutions: 8 M urea, 0.1 M Na 2 HPO 4 , 10 mM Tris (pH 8.0); and 8 M urea, 0.1 M Na 2 HPO 4 , 10 mM Tris (pH 8.0), 15 mM imidazole. The bound species were eluted with one column volume of a solution of 8 M urea, 0.1 M Na 2 HPO 4 , 10 mM Tris (pH 8.0), and 250 mM imidazole. The eluate was diluted to a concentration of urea of 2 M, and the purified azide-labeled glycoproteins were proteolytically digested with mass spectrometry grade trypsin for 12 h at 37 °C. The peptide solution was then treated sequentially with 5 mM dithiothreitol for 30 min and 10 mM iodoacetamide for 30 min to reduce disulfide bonds and alkylate free cysteine residues. The solution was then concentrated under vacuum, desalted by reversed phase C18 ZipTip, and submitted for MUDPIT analysis.
General protocol for in vivo metabolic labeling of developing zebrafish with Ac 4 GalNAz or Ac 4 GalNAc. Strain AB or ABC zebrafish embryos were manually cleaned and rinsed ten times with 25 mL of embryo medium prior to reaching 3 hpf.
At approximately 2.5 hpf, the embryos were enzymatically dechorionated by incubation in a 1 mg/mL solution of pronase in embryo medium at ~22 °C and for approximately 5 min. The embryos were gently drawn into a fire-polished wide-bore Pasteur pipet and expelled to facilitate chorion removal. When >75% of the chorions had been removed, the embryos were very gently rinsed ten times with approximately 25 mL to remove excess pronase. Then, using a fire-polished wide-bore Pasteur pipet, the embryos were gently transferred into 1% agarose-coated 10-cm petri dishes containing 2.5 mL of a 5 mM Ac 4 GalNAz or 5 mM Ac 4 GalNAc solution in embryo medium, in as little volume as possible (< 10 µL), using the following procedure. The embryos were allowed to enter the solution by inserting the pipet into the new solution but not expelling solution; i.e., the embryos were allowed to fall from the pipet directly into the Ac 4 GalNAz-or Ac 4 GalNAc-containing media by gravity. The embryos were transferred to fresh Ac 4 GalNAz-or Ac 4 GalNAc-containing media and agar-coated petri dishes at 12 hpf, to fresh Ac 4 GalNAz-or Ac 4 GalNAc-containing media in non-agar coated dishes at 24 hpf, and subsequently to fresh Ac 4 GalNAz-or Ac 4 GalNAc-containing media in non-agar coated dishes at 72 hpf. When embryos were to be used for imaging, 131 µM N-phenylthiourea (PTU) was included in all media starting at 12 hpf to inhibit melanin production.
Immunoblot analysis of zebrafish embryos incubated with Ac 4 GalNAz and
Ac 4 GalNAc. An equal number of 120 hpf zebrafish embryos metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc were removed from Ac 4 GalNAz or Ac 4 GalNAc and put into 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the zebrafish were transferred into an identical plate containing fresh media. This was repeated once more for a total of three washes, and the fish were then transferred to 1.5 mL eppendorf tubes and euthanized by incubation in an ice bath for 1 h. The majority of the embryo medium was removed, leaving the zebrafish larvae in ~20 µL of embryo medium. The volume was brought to ~200 µL by addition of ice-cold lysis buffer (150 mM NaCl, 20 mM Tris, 1% Nonidet P 40 Substitute, pH 7.4, one tablet of complete mini protease inhibitor cocktail with EDTA per 10 mL of lysis buffer). The embryos were disrupted by sonication on ice with 30-s, ~12-Watt pulses three times, and then insoluble debris was removed by centrifugation (16,000 x g, 10 min, 4 °C). The protein concentration of each sample was measured using the detergent-compatible (DC) protein assay kit. Twenty micrograms of protein was reacted with 250 µM phosphine-Flag overnight (~12 h) at rt by addition of an equal volume of a 500 µM phosphine-Flag stock solution in PBS.
The samples were then analyzed by standard immunoblotting techniques, probing the blot with a 1:1000 dilution of HRP-conjugated anti-Flag M2. To control for equal protein loading, the nitrocellulose was stripped of the anti-Flag antibody with the Restore Western blot stripping buffer using the manufacturer's suggested protocol and re-probed with a 1:1000 dilution of HRP-conjugated anti-β-tubulin.
Reaction of lysates from metabolically labeled 120 hpf zebrafish with PNGase F.
Lysates were generated from 120 hpf zebrafish embryos metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc as described above. Twenty micrograms of total protein was reacted at 37 °C for 12 h with 1 U of either PNGase F or PNGase F that had been heat-killed for 1 h at 100 °C. After the reaction had been completed, an equal volume of a 500 µM solution of phosphine-Flag in PBS was added to yield a final concentration of 250 µM. This reaction proceeded at rt for 12 h. The completed reaction was analyzed by standard immunoblotting techniques, either probing the blot with a 1:1000 dilution of HRP-conjugated anti-Flag M2 or, to control for enzyme activity, with a 1:1000 dilution of HRP-conjugated concanavalin A, which recognizes most N-linked glycans and should yield chemiluminescence signal in the heat-killed but not active PNGase F reactions. To control for equal protein loading, each nitrocellulose blot was stripped of the anti-Flag antibody or concanavalin A lectin with the Restore Western blot stripping buffer using the manufacturer's suggested protocol and re-probed with a 1:1000 dilution of HRP-conjugated anti-β-tubulin.
Reaction of lysates from metabolically labeled 120 hpf zebrafish with chondroitinase ABC. Lysates were generated from 120 hpf zebrafish embryos metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc as described above. Twenty micrograms of total protein was reacted at 37 °C for 12 h with ~100 mU of either chondroitinase ABC from Proteus vulgaris or chondroitinase ABC that had been heat-killed for 1 h at 100 °C. After the reaction had been completed, an equal volume of a 500 µM solution of phosphine-Flag in PBS was added to yield a final concentration of 250 µM. This reaction proceeded at rt for 12 h. The completed reaction was analyzed by standard immunoblotting techniques, either probing the blot with a 1:1000 dilution of HRP-conjugated anti-Flag M2 or, to control for enzyme activity, with a 1:1000 dilution of anti-chondroitin sulfate ΔDi-Os, an antibody that recognizes only the remnants of chondroitin sulfate left behind after chondroitinase ABC treatment (24) , followed by an HRP-conjugated anti-mouse IgG. To control for equal protein loading, each nitrocellulose blot was stripped of the anti-Flag or antichondroitin sulfate antibodies with the Restore Western blot stripping buffer using the manufacturer's suggested protocol and re-probed with a 1:1000 dilution of HRPconjugated anti-β-tubulin.
Reaction of metabolically labeled zebrafish embryos with DIFO-647. Zebrafish embryos were metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc using the general procedure. Embryos were then removed from Ac 4 GalNAz or Ac 4 GalNAc into 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media.
This was repeated once more for a total of three washes, and the fish were transferred into a 96-well plate in 50 µL of embryo medium. Fifty microliters of a 200 µM DIFO-647 solution in embryo medium was added, for a final concentration of 100 µM, and the plate was gently agitated prior to incubation for 1 h in the dark at 28 °C.
Upon completion of the reaction, 200 µL of fresh embryo medium was added to the well, and the embryos were transferred to 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This washing protocol was repeated four more times for a total of six washes. The embryos were then transferred into a solution of 2.6 µM tricaine (ethyl 3-aminobenzoate methanesulfonate) in embryo medium prior to mounting in 0.6% low melting point agarose and optical imaging.
Timecourse of reaction of DIFO-647 with 72 hpf embryos metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc. Zebrafish embryos were metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc using the general procedure. Embryos were then removed from Ac 4 GalNAz or Ac 4 GalNAc into 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This was repeated once more for a total of three washes, and the fish were transferred into a 96-well plate in 50 µL of embryo medium. Fifty microliters of a 200 µM DIFO-647 solution in embryo medium was added, for a final concentration of 100 µM, and the plate was gently agitated prior to incubation in the dark for 1 min at rt or 15, 30, or 60 min at 28 °C. The labeled embryos were then diluted in fresh embryo medium and quickly transferred to 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This was repeated four more times for a total of six washes. The embryos were then transferred to 2.6 µM tricaine and mounted for imaging in 0.6% low melting point agarose.
Developmental timecourse of metabolic labeling with Ac 4 GalNAz or Ac 4 GalNAc and reaction with DIFO-647. Zebrafish embryos were metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc using the general procedure. Embryos were then removed from Ac 4 GalNAz or Ac 4 GalNAc into 25 mL of embryo medium in a 10-cm petri dish at 24, 36, 48, 60, 72, 96, or 120 hpf. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This was repeated once more for a total of three washes, and the fish were transferred into a 96-well plate in 50 µL of embryo medium. Fifty microliters of a 200 µM DIFO-647 solution in embryo medium was added, for a final concentration of 100 µM, and the plate was gently agitated prior to incubation in the dark for 1 h at 28 °C. The labeled embryos were then diluted in fresh embryo medium and quickly transferred to 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This was repeated four more times for a total of six washes. The embryos were then transferred to 2.6 µM tricaine and mounted for imaging in 0.6% low melting point agarose.
Reaction of metabolically labeled zebrafish embryos with multiple DIFOfluorophores. Zebrafish embryos were metabolically labeled with Ac 4 GalNAz or Ac 4 GalNAc using the general procedure and, at 60 hpf, reacted with DIFO-647 (100 µM, 1 h) as described above. Immediately after the completion of the washes performed to remove excess DIFO-647, the embryos were treated with 50 mM TCEP (pH 7.4) in embryo medium for 10 min. Upon completion of the 10-min TCEP reaction, the fish were immediately transferred to 25 mL of embryo medium in a 10-cm petri dish. After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This was repeated four more times for a total of six washes. For multicolor labeling, we used the following three protocols:
1. Two-color, 2-h time-resolution: The embryos were immediately labeled with DIFO-488 (100 µM, 1 h) using the protocol described for single-color labeling with DIFO-647 and imaged by laser scanning confocal microscopy.
2. Two-color, 3-h time-resolution: The embryos were transferred to a 10-cm petri dish containing embryo medium supplemented with 131 µM PTU and the appropriate sugar (5 mM Ac 4 GalNAz or 5 mM Ac 4 GalNAc) and incubated at 14 28 °C for 1 h. The embryos were then reacted with DIFO-488 (100 µM, 1 h) using the protocol described for single-color labeling with DIFO-647 and imaged by laser scanning confocal microscopy.
3. Three-color, 12-h time resolution: The embryos were dually reacted with DIFO-647, followed by DIFO-488, as described above in part 2. Immediately after the completion of the washes performed to remove excess DIFO-488, the embryos were treated with 50 mM TCEP (pH 7.4) in embryo medium for 10 min. Upon completion of the 10-min TCEP reaction, the fish were immediately transferred to 25 mL of embryo medium in a 10-cm petri dish.
After gentle agitation of the plate for ~10 s, the fish were transferred into an identical plate containing fresh media. This was repeated four more times for a total of six washes. The embryos were transferred to a 3-cm petri dish containing embryo medium supplemented with 131 µM PTU and the appropriate sugar (5 mM Ac 4 GalNAz or 5 mM Ac 4 GalNAc) and incubated at 28 °C for 9 h. The embryos were then reacted with DIFO-555 (100 µM, 1 h) using the protocol described for single-color labeling with DIFO-647 and imaged by laser scanning confocal microscopy.
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Evaluation of toxicity of in vivo imaging reagents. In all of the in vivo labeling experiments described above, embryos were allowed to live until 120 hpf. At no point during these experiments did we observe any toxicity or morphological abnormalities, including treatment with some or all of the following reagents: (a) Ac 4 GalNAc or Ac 4 GalNAz (5 mM, 3-120 hpf), (b) DIFO-488, DIFO-555, and DIFO-647 (100 µM, 1 h), TCEP (50 mM, 10 min). We further performed two experiments to assess the long-term viability of embryos treated with these reagents. Here, we incubated embryos with (a) Ac 4 GalNAz (5 mM, 3-120 hpf) or (b) Ac 4 GalNAz (5 mM, 3-72 hpf), [72] [73] , and embryo medium (73-120 hpf). At 120 hpf, all of the fish had developed swim bladders. We allowed the larvae to further mature and observed their ability to feed on brine shrimp thereafter. We did not observe any developmental abnormalities during these experiments. , 1 h) . Following the reaction, the zebrafish were treated with tricaine, mounted for imaging in 0.6% low melting point agarose, and imaged by epifluorescence microscopy. The resulting images were deconvolved using the nearest neighbor deconvolution algorithm in Slidebook 4.2. Scale bar, 500 µm. 
